Surface oxidation behavior of ZIRLO (ZIRconium Low Oxidation) hulls was investigated using an X-ray photoelectron spectroscopy (XPS) technique. The effects of oxidation time (10-336 h at 500℃) and temperature (400-700℃ for 10 h) were studied. Deconvolution results of the hulls oxidized at 500℃ revealed that a ZrO 2 phase appeared after 24 h (11.86%), and an increase in the ZrO 2 ratio was observed when the hulls were oxidized for 336 h (17.93%). On the other hand, the ZrO phase which employed 5.68% in the 10 h oxidized sample disappeared when the oxidation time increased to 24 h. The XPS results also showed that an increase in the oxidation temperature resulted in an increase in the ratio of ZrO, which increased from 0 to 5.68, 8.31, and 9.16% when the oxidation temperature increased from 400 to 500, 600, and 700℃, respectively. ZrO 2 phase was observed only in the sample that was oxidized at 700℃. The mechanism of ZrO formation was not conclusive, but it was suggested that a formation of hydroxide might have been accelerated at elevated temperatures leading to a formation of a Zr(OH) 4 phase. The relationship between the surface oxidation status of the hulls oxidized at 500℃ and their chlorination reaction feasibility was discussed, and it was suggested that the thickness of the oxide layer is an important parameter that determines the chlorination reaction feasibility. 
Introduction
Cladding hull waste is an interesting subject in the nuclear waste treatment field, owing to its large portion (about 25wt%) in used nuclear fuel (UNF) and high content of Zr (about 97wt%) [1, 2] . Currently, acid washing and compaction techniques are widely employed to manage the cladding hull waste. The acid washing is a convenient method to remove residual UNF from the cladding hulls that are stuck on the inner surface, but it is also well known that the acid washing procedure is insufficient to classify the cladding hull waste as a low-level waste [3, 4] . In addition, it was revealed that the radioactivity of 94 Nb, which is one of the major radioactivation products of Nb contained in ZIR-
LO (ZIRconium Low Oxidation) cladding hull material, exceeds acceptance limit of the Wolsong LILW (Low and
Intermediate Level Waste) disposal center (WLDC) of Korea [5] . Thus, a selective recovery of Zr from the cladding hull waste is an attractive approach to minimize the generation of mid-/high-level waste regardless of UNF treatment methods. The selective recovery of Zr is also considered as a pre-treatment of dry storage systems, because a separation of cladding hulls from nuclear materials can eliminate the risk of fractured cladding and handling issues during storage and transportation [1] .
There are two technologies under research at the Korea Atomic Energy Research Institute (KAERI) for the selective recovery of Zr: chlorination and electro-refining techniques. The latter employs electrochemical reactions to dissolve and selectively recover metallic Zr by controlling an applied potential or current [6] [7] [8] . This technique has some advantages including recovery of Zr in its metallic form and relatively mild operation conditions, while the reaction rate, scale-up, and electrolyte treatment issues need verification. The chlorination process employs a simple chemical reaction between metallic Zr and chlorine gas to produce zirconium tetrachloride which sublimes at 331℃.
During the chlorination process, the purity of recovered
Zr is determined by the operation temperature owing to a formation of volatile chlorides of other constituent metals such as niobium and tin [4] . Compared to the electro-refining process, it is suggested that the chlorination process is more convenient to control the reaction rate and scale-up, while a reduction of recovered ZrCl 4 should be followed if
it cannot be recycled during cladding hull production [1] .
The chlorination process was previously demonstrated at the Institute of Research and Innovation (IRI, Japan)
[9], KAERI (Korea) [10] , and Oak Ridge National Laboratory (ORNL, USA) [1] . At the IRI, a recovery of Zr from Zircaloy-2 cladding hulls was successfully demonstrated in the presence of Ni and Co, which are major sources of radioactivity of cladding hull waste [9] . At KAERI, Zircaloy-4 cladding hulls were employed for the chlorination reaction, and highly pure ZrCl 4 (99.97wt%) was recovered without further heat treatments [10] . At the ORNL, an actual cladding hull (Zircaloy-2) of UNF was employed for the chlorination reaction, and high decontamination factors (> 1200 for total radiation) were reported [1] . (30.6%) phases on its surface and was not reactive with chlorine gas [11] . Although the relationship between the surface oxidation status and chlorination reaction feasibility is not clear yet, it is obvious that the surface oxidation status should be considered as a key parameter in designing the chlorination process. In the case of ZIRLO, only one report was presented on the chlorination reaction behavior [12] . Interestingly, it was shown that the ZIRLO hulls oxidized at 500℃ for various hours (from zero to 168 h) exhibit significantly different chlorination reaction behaviors.
Some reaction products were observed in the hulls oxidized for 24 h, while no signs of reaction were observed in the 72 h oxidized hulls. Thus, it might be interesting to clarify what happened to the surface of the hulls when they were oxidized at different conditions.
Experimental
The surface oxidation status of the hulls was investigated using the XPS (Kratos AXIS Nova) technique. Monochromated Al Kα (1486.76 eV) was employed to collect the spectra at 0˚ between the sample surface normal and the analyzer lens. A pass energy of 40 eV and step size of 50 meV were employed for the high-resolution regions scans.
The charge compensation of the samples was performed during the measurement using a charge neutralizer. The measured binding energies were referenced with respect to C 1s peak at 284.8 eV. Deconvolution of the XPS peaks was performed using the XPS 4.1 software [13] . The effect of oxidation time on the surface oxidation status was studied by preparing 5 cm-long ZIRLO hulls oxidized at 500℃ for 10, 24, 72, 168, and 336 h under an air atmosphere. In addition, the effect of oxidation temperature was also investigated by oxidizing the ZIRLO hulls at 400, 600, and 700℃ for 10 h. Through this paper, the hull samples were denoted as 'ZIRLO-(oxidation temperature)-(oxidation time)' for convenience, and thus ZIRLO-500-72 means ZIRLO hulls oxidized at 500℃ for 72 h. In accordance with the surface oxidation status, the detailed results of our previous work [12] on the chlorination reaction behavior of ZIRLO hulls oxidized at 500℃ for various periods (0-168 h) were introduced in the present study. A previously reported experimental set-up was employed for the chlorination experiments [10] . Briefly, the reactor is a vertical quartz tube which has a quartz frit in the middle so that it can hold cladding hulls at the reaction zone while gases and volatile reaction products can pass through it. The chlorination reaction was performed at 380℃ for 2 h while feeding argon and chlorine gases at a flow rate of 20 mL/min for each gas. Experimental set-up of the chlorination reaction experiments is shown in Fig. 1 .
Results and Discussion
Before getting started with the oxidation status analysis of the ZIRLO hulls, the relationship between an oxidation condition and a chlorination reaction behavior needs to be discussed, because it can help to clarify the relationship between the oxidation status and chlorination reaction behavior. A summary of the chlorination reaction behavior is listed in Table 1 , including the results of our previous work [12] . The pictures of reaction reactants and products for ZIRLO-500-10 are shown in Fig. 1 . It is clear, at once, that an increase in the oxidation time reduces the reaction rate of the ZIRLO chlorination reaction. It is interesting to observe that a significant change in the weight loss was observed between ZIRLO-bare and ZIRLO-500-10, while the difference between ZIRLO-500-10 and ZIRLO-500-24 is negligible. In addition, it was found that ZIRLO-500-72
is not reactive with chlorine gas meaning that these hulls were completely protected by oxide layers from chlorine gas. The weight loss behavior of ZIRLO hulls oxidized for 24 h is somewhat different from the case of Zircaloy-4
[11]: weight loss values for the Zircaloy-bare and Zircaloy-500-24 cases were 54.1 and 50.7%, respectively, meaning that the protective role of the surface oxide layer is more significant in the ZIRLO hulls. As the previous study [11] lacks the chlorination reaction behavior of the hulls oxidized for 72 and 168 h, an additional experiment was performed for Zircaloy-500-168 for comparison, and no signs of reaction were observed at the identical reaction condition of this study. These results reveal that the oxide layers formed on the surface of ZIRLO hulls impact more influence on the chlorination reaction than the oxide layers of Zircaloy-4 hulls, while both the ZIRLO and Zircaloy-4 hulls are completely protected from chlorine gas when they are oxidized at 500℃ for 72 -168 h. It might be natural to suspect the thickness of oxide layers as a reason for the reduced chlorination reaction rate. Previously, Natesan and Soppet reported air oxidation rate constants for Zircaloy-4, ZIRLO, and M5 alloys at various temperatures [14] . Oxide thickness values calculated using the values offered by Natesan and Soppet are listed Table 2 . Here, it should be noted that the rate constant values for a pre-breakaway case were employed, because a breakaway (peeling-off of oxide layers) behavior was not observed in the samples of the present study. As shown in the table, the thickness of oxide layer was almost doubled when the oxidation time increased from 24 to 72 h, and it is suggested that 5.6 μm is thick enough to protect ZIRLO hulls from chlorine gas. A comparison between the ZIRLO and Zircaloy-4 hulls might be meaningful, and it was shown that, when oxidized at 500℃, the ZIRLO hulls exhibit thicker oxide layers and a lower chlorination reaction rate than the Zircaloy-4 hulls.
The relationship between the oxidation conditions and chlorination reaction behavior was further investigated by employing the XPS technique. Fig. 2 shows the XPS measurement and deconvolution results of the ZIRLO hulls oxidized at 500℃ for up to 336 h. Detailed information of the deconvolution calculation results are listed in Table 3 .
As shown in the Figure and Table, a small portion of ZrO phase was observed in the ZIRLO-500-10 sample, while the Zr 2 O 3 phase was identified as the major component even when the oxidation time is increased up to 336 h. Interestingly, the ratio of ZrO 2 phase did not change significantly when the oxidation time increased from 24 to 168 h (11.86 -8.16%), but a meaningful increase was observed in the ZIRLO-500-336 sample (17.93%). Recalling that ZIRLO-500-24 was reactive with chlorine gas while ZIR-LO-500-72 was not, and that the ratio of ZrO 2 phase was 11.86 and 9.86% for each sample, it is suggested that, in this case, the ratio of ZrO 2 is not a key parameter that determines the chlorination reaction feasibility. This result is not in line with our previous results for the Zircaloy-4 hulls, where it was concluded that ZrO can provide a pathway for chlorine gas, while Zr 2 O 3 and ZrO 2 cannot [11] . However, the chlorination reaction result of ZIRLO-500-24 (35.3% weight loss) shows that the chlorination reaction can proceed in the absence of ZrO when the thickness of the oxide layer is thin enough (about 3.22 μm). A gap in the reactivity between side walls and cutting edges should be considered, because the XPS results represent the oxidation status of side walls while the chlorination reaction prefers cutting edges [15] . The photograph of ZIRLO-500-24 shown in ref. [12] can give a hint on this issue, because some holes are clearly shown on the side wall of the reaction residue proving that chlorine gas was reactive with ZIRLO-500-24 along the side wall. Thus, it can be concluded that, for the chlorination reaction, the thickness of the oxide layer is a key parameter as is the surface oxidation status.
The effect of oxidation temperature on the surface oxidation status was also investigated using the XPS technique, and the deconvolution results are shown in Fig. 3 . Detailed information of the deconvolution results are listed Table 3 . First, it is interesting to observe that the ratio of ZrO increases with an increase in the oxidation temperature: at 400℃, no signs of ZrO were observed while the portion of ZrO increased up to 9.16% in ZIRLO-700-10. As shown in the Zircaloy-4 hulls [11] , it was expected that the portion of ZrO decreases while that of ZrO 2 increases with an increase in the oxidation temperature. However, the XPS results revealed an opposite results, and the ratio of ZrO 2 was only 9.42% for ZIRLO-700-10, which was 28.6-32.7% in Zicaloy-700-5 [11] . This result was further studied by analyzing the XPS signals of nitrogen, because it was reported that oxidizing the ZIRLO hulls under an air atmosphere could produce a ZrN phase [16, 17] . 
Conclusions
The XPS results revealed that increasing the oxidation time at 500℃ produces a greater ZrO 2 phase, although the relationship between oxidation time and ZrO 2 ratio is not linear. It was also shown that the chlorination reaction can proceed without a ZrO phase when the oxide layer is thin enough (around 3.2 μm), meaning that the oxide layer thickness should be considered as a key parameter during the hull chlorination process. The effect of oxidation temperature was also investigated, and it was shown that the ratio of ZrO increased from 0 to 5.68, 8.31, and 9.16% when the ZIRLO hulls were oxidized at 400, 500, 600, and 700℃
for 10 h, respectively. The possibility of a ZrN phase formation was eliminated owing to a lack of nitrogen peaks in the XPS measurement results. The XPS peak analysis on the O 1s peaks revealed that 41.1% of oxygen is still remaining in its hydroxide form even in the ZIRLO-700-10 sample, suggesting that the increased ZrO ratio might have come from a formation of Zr hydroxide forms such as Zr(OH) 4 .
